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Deformed wing syndromeA country-wide screen for viral pathogens in Israeli apiaries revealed signiﬁcant incidence of deformed wing
virus (DWV) and Varroa destructor-1 virus (VDV-1). To understand these viruses' possible involvement in
deformed wing syndrome of honey bees, we studied their replication in symptomatically and asymptom-
atically infected bees qualitatively and quantitatively, using RT-PCR, quantitative real-time RT-PCR, and
immunodetection of themajor viral capsid protein VP1. We found, for the ﬁrst time, replication of VDV-1 and/
or a VDV-1–DWV recombinant virus in the heads of recently emerged symptomatic bees. These viruses
replicated to high copy numbers, yielding the major viral capsid VP1 processed for subsequent assembly of
viral particles. Our results clearly distinguished between symptomatic and asymptomatic bees infected with
VDV-1 and VDV-1–DWV and suggest the hypothesis that VDV-1, in addition to DWV, may be involved in
inducing the deformed wing pathology. Thus VDV-1–DWV recombination may yield virulent strains able to
cause overt infections in Varroa-infested bee colonies.vsky).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The alarming decline in the number of honey bee colonies
documented worldwide (Cox-Foster et al., 2007; Ribiere et al., 2008;
Stokstad, 2007; van Engelsdorp et al., 2009; van Engelsdorp et al.,
2008) and the relevant role attributed to honeybee viruses in this
process (Cox-Foster et al., 2007; Chen and Siede, 2007; de Miranda
and Genersch, 2010; Ribière et al., 2010), motivated us to carry out a
country-wide screen for the presence of viral pathogens in Israeli
apiaries (Soroker et al., 2010). This screen revealed a signiﬁcant
incidence of honey bee viruses in the apiaries, namely black queen cell
virus (BQCV), deformed wing virus (DWV), Israeli acute paralysis
virus (IAPV) and Varroa destructor-1 virus (VDV-1). Due to the
prevalence in our screen of the Iﬂaviruses DWV and VDV-1, we
performed a more detailed analysis of their presence in symptomatic
and asymptomatic bees in selected Varroa-infested colonies with bees
showing pathological symptoms of deformed wing syndrome (see
further on).
DWV and VDV-1 are positive-sense 10-kb single-stranded RNA
Iﬂaviruses, with 3′-terminal polyadenylated genomes. DWV is trans-
mitted vertically and horizontally with food and both viruses are
transmitted to honey bee larvae by the ectoparasite Varroa destructor
(Ball and Allen, 1988; Bowen-Walker et al., 1999; Chen et al., 2004;
Genersch, 2005; Lanzi et al., 2006; Nordstrom, 2003; Ongus et al., 2004;Shen et al., 2005; Tentcheva et al., 2004; Yue andGenersch, 2005). DWV
has been associated with the emergence of adult bees with malformed
wings and bloated abdomens, unable to ﬂy andwith a reduced life span
(Bowen-Walker et al., 1999; Chen and Siede, 2007; Genersch, 2005;
Hung et al., 1996; Nordstrom, 2003; Shen et al., 2005). Yue and
Genersch showed a good correlation between qualitative RT-PCR
detection of the presence of DWV in the head of symptomatic bees and
deformed wing syndrome. Moreover, DWV replicated in the heads of
recently emerged and older symptomatic bees (Yue and Genersch,
2005). Replication of DWV to high titers in the Varroa mite has been
shown to correlate with the emergence of adult bees with deformed
wing syndrome (Gisder et al., 2009). Most recently, dose-dependent
injection of DWV to honey bee pupae has been shown to correlate with
the development of overt virus infection resulting in adult bees with
deformed wings (Möckel et al., 2011).
It is not clear if VDV-1 is pathogenic to the honey bee or to Varroa
destructor. VDV-1 and DWV share 84% identity in their nucleic acid
sequence and 95% amino acid identity (Ongus et al., 2004). The viral
genome encodes a single large polypeptide that is cleaved to yield the
viral non-structural and structural proteins (reviewed in de Miranda
and Genersch, 2010). The major difference between DWV and VDV-1
is located in the 5′ UTR of the viral genome though there are also
several nucleotide differences between the coding regions of these
viruses which result in amino acid changes in their proteins. Due to
the high degree of similarity to DWV, VDV-1 may be considered a
genetic variant of it (de Miranda and Genersch, 2010). VDV-1 can be
clearly distinguished from DWV by RT-PCR with speciﬁc primers and
both viruses can co-exist in the mite and honey bee (Ongus et al.,
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causing covert asymptomatic infections (de Miranda and Genersch,
2010; Ongus et al., 2004). Recently honey bee pupae from a Varroa
destructor-infested colonywere found to be infected with a mixture of
DWV and VDV-1–DWV recombinants, suggesting a possible advan-
tage of the latter in viral transmission between bees and Varroa
(Moore et al., 2011).
To further understand the occurrence of DWV and VDV-1 in Varroa
mite-infested honey bee colonies, we investigated, qualitatively and
quantitatively, the ability of these viruses to replicate in the heads of
infected bees utilizing RT-PCR, quantitative real-time RT-PCR and
immunodetection of the major viral capsid protein VP1. We found
active replication of DWV and VDV-1 genomic sequences only in the
heads of recently emerged symptomatic bees with crippled wings and
not in the heads of recently emerged asymptomatic bees. Moreover,
we report here for the ﬁrst time the presence of VDV-1 and a VDV-1–
DWV recombinant in the heads of these bees.
Results
Detection of DWV and VDV-1 sequences in adult bees
We ﬁrst selected three Varroa mite-infested colonies that were
positive for the presence of DWV and VDV-1. BQCVwas also detected in
these colonies, but not Acute bee paralysis virus, Israeli acute bee
paralysis virus, Chronic bee paralysis virus, Kashmir bee virus or
Sacbrood bee virus (not shown). Examination of the colonies revealed
the presence of adult bees with deformed wings, as well as asymptom-
atic bees with normally developed wings.
To better understand the connection between the presence of
DWV and VDV-1 and the deformed wing phenotype, we looked for
the positive-sense RNA genomes of both DWV and VDV-1 in the heads
of adult bees. We extracted RNA from the head of symptomatic andFig. 1. Detection of DWV and VDV-1 sequences in symptomatic and asymptomatic adult bees
(arrows) of cDNA derived from RNA extracted from the heads of symptomatic (S) and asymp
(−) RNA strands.asymptomatic individual adults from the selected colonies for RT-PCR
analysis utilizing primers speciﬁc for each virus (see Materials and
methods). DWV and VDV-1 sequences were easily detected in the
heads of adult bees from these colonies [Fig. 1, lanes marked+, (a) S1
to AS4, and (b) S1 to AS2].
Since during replication, the positive-sense RNA genome of
Iﬂaviruses is transcribed to a full-length genomic copy of negative-
sense RNA strand, we looked for the presence of negative strands of
DWV and VDV-1 in the above symptomatic and asymptomatic bees.
Thus, we selectively ampliﬁed the negative-sense RNA strand of each
virus using RT with speciﬁc primers and the same RNA used to detect
the positive-sense RNA strand (see Materials and methods). We
performed PCR as indicated above to detect the presence of DWV and
VDV-1 sequences. However, by using this approach, we were unable
to make a clear distinction between symptomatic and asymptomatic
adult bees, since in many cases we found that one or both viruses
replicated in the heads of symptomatic and asymptomatic bees alike
(Fig. 1a and b, lanes marked −). Similar results were obtained when
we performed this analysis with RNA extracts from the bodies of these
bees (thorax plus abdomen, not shown).
Replication of DWV and VDV-1 sequences in recently emerged bees
We then analyzed the replication of DWV and VDV-1 sequences in
recently emerged bees from the above colonies. RT-PCR examination
for the presence of positive-sense RNA viral strand in RNA extracted
from the heads of recently emerged individual bees, with and without
deformed wings, showed the presence of sequences from DWV and
VDV-1 (Fig. 2a). Selective RT of the negative-sense RNA strand of DWV
and/or VDV-1 followed by PCR ampliﬁcation showed its presence only
in the heads of symptomatic bees, and not in their asymptomatic
counterparts, indicating that the viral sequences were replicated in
the former but not the latter bees' heads (Fig. 2b). The data alsofrom Colony 1 (a) and 2 (b), respectively. PCR with primers speciﬁc to DWV and VDV-1
tomatic (AS) honey bees, or no cDNA (C). PCR of positive-sense (+) and negative-sense
Fig. 2.Detection and replication of DWV and VDV-1 sequences in recently emerged bees. PCR with primers speciﬁc to DWV and VDV-1 (arrows) of cDNA derived from RNA extracted
from the heads of recently emerged symptomatic (S) and asymptomatic (AS) honey bees, or no cDNA (C). (a) PCR of positive-sense RNA strand (+). (b) PCR of the negative-sense
RNA strand (−).
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heads of some of these bees.
Detection of the processed viral capsid protein
To further conﬁrm these results, we analyzed the heads of newly
emerged symptomatic andasymptomatic bees from theabovegroup for
the presence of the main viral capsid protein VP1, using a speciﬁc
polyclonal antibody that reacts indistinguishably with VP1 from DWV
and VDV-1. VP1 was detected in the heads of the symptomatic bees
(Fig. 3a, lanes S1 to S5 and Fig. 3c, lanes S1 to S4) but not in the heads of
the asymptomatic ones (Fig. 3b, lanesAS1 toAS5andFig. 3c, lanesAS1 to
AS4). Thus, it appeared that DWV and/or VDV-1 replicated in the heads
of the symptomatic bees yielding the processed major viral capsid VP1.
High copy number of sequences from DWV and VDV-1 in the heads of
symptomatic bees
Since both DWV and VDV-1 sequences were found to replicate in
the symptomatic bees, we determined the number of viral genome
equivalents in the heads of newly emerged individual symptomatic
and asymptomatic bees from the selected colonies using real-timeFig. 3. Immunodetection of VP1 in the head of recently emerged symptomatic (S) and asymp
Proteins extracted from puriﬁed virions served as controls (C). Molecular markers are indicRT-PCR. We used speciﬁc primers to reverse transcribe DWV and
VDV-1 genomic RNA present in RNA extracted from emerging
individual bees, and the RNAs were selectively ampliﬁed using SYBR
Green-based quantitative real-time PCR (described in Materials and
methods). Symptomatic bees showed 2.01×106 to 1.09×1012
genome equivalents of DWV and 3.33×102 to 8.30×109 genome
equivalents of VDV-1. In asymptomatic bees we detected as low as
5.15×104 genome equivalents of DWV and 49 of VDV-1 and as high as
3.26×106 and 5.21×104 genome equivalents of these viruses,
respectively (Fig. 4 and Table 1). In some of the asymptomatic bees,
we were unable to detect either DWV or VDV-1, indicating that either
they were not infected (Fig.4, Table 1).
To further conﬁrmour results,we looked for evidenceof replicationof
DWV and VDV-1 genomic sequences in symptomatic and asymptomatic
bees. We selectively reverse transcribed their negative-sense RNA
strands using speciﬁc primers for each viral genome and then quantiﬁed,
by real-time PCR, the number of genome equivalents as described above.
Active replication was observed in symptomatic bees with high copy
number of DWV and VDV-1 sequences; a comparison of the respective
number of genome equivalents of positive- vs. negative-sense RNA
strands for both viruses showed about a 1000-fold difference (Fig. 5a and
b). Asymptomatic bees showed very low levels of negative-sense RNAtomatic bees (AS). (a) and (b) Honey bees from Colony 1. (c) Honey bees from Colony 2.
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Fig. 4. DWV and VDV-1 sequence loads in symptomatic and asymptomatic honey bees. Individual recently emerged symptomatic (S) and asymptomatic (AS) honey bees were
randomly selected. Number of viral copies present in their heads was measured by quantitative real-time PCR using speciﬁc primers for each virus.
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RNA strands for both viral sequences was below 100 (Fig. 5c and d),
indicating a much less efﬁcient replication.
Recombinant VDV-1–DWV sequences in the heads of symptomatic bees
The above results suggested replication of DWV and VDV-1 genomic
sequences in the heads of symptomatic bees. To verify these results and
further understand the meaning of the presence of VDV-1 genomic
sequences replicating in the head of symptomatic bees, we produced
cDNA libraries from the heads of recently emerged symptomatic bees,
cloned them and sequenced them. In this way, we identiﬁed nearly the
complete genome of VDV-1 (Fig. 6). Unexpectedly, however, we wereTable 1
DWV and VDV-1 genomic equivalents in recently emerged bees.
Bee DWV VDV-1
Sym1 1.12×1010 2.15×103
Sym2 6.91×1010 6.73×106
Sym3 7.83×109 2.18×103
Sym4 2.01×106 2.49×108
Sym5 4.81×1010 3.10×108
Sym6 1.56×1011 1.39×107
Sym7 1.79×1011 7.56×107
Sym8 3.56×1010 2.34×106
Sym9 6.10×1010 8.21×107
Sym10 8.53×1010 1.69×106
Sym11 ND 7.34×108
Sym12 1.09×1012 4.38×104
Sym13 1.56×1011 3.69×108
Sym14 1.63×1011 3.33×102
Sym14 1.15×1011 2.28×108
Sym15 1.28×107 2.40×109
Sym16 8.93×1010 2.60×109
Sym17 1.03×1011 3.22×104
Sym18 1.78×1011 8.30×109
Sym19 1.94×1011 3.10×109
Asym1 5.15×104 ND
Asym2 5.50×104 49
Asym3 1.47×106 ND
Asym5 ND ND
Asym4 ND 1.21×104
Asym5 ND 92
Asym6 ND 50
Asym7 2.05×106 5.21×104
Asym8 5.56×105 3.56×104
Asym9 1.41×105 1.12×104
Asym10 1.83×105 1.36×105
Asym11 2.28×105 5.77×103
Asym12 1.71×105 1.79×103
Asym13 3.26×106 4.82×104
Statistical differences in the amount of viral genomic equivalents between symptomatic
and asymptomatic bees. P values evaluated by Student's t-test: DWV, Pb0.016, VDV-1,
P=0.051, n=32. ND: not detected.unable to obtain large cDNAs representing the whole DWV genome or
short cDNAs representing the genomic sequences encoding the
structural proteins of DWV. Morever, we searched extensively for the
presence of sequences coding for the structural proteins of DWV in the
heads of these bees (mainly the region between nucleotides 1500 to
5000), using different pairs of primers such as DWV for (2621) or DWV
for (4241), and DWV rev (2553) or DWV rev (4980), and consistently
we did not obtain any PCR-ampliﬁcation (see Materials and methods).
Instead, sequencing of long cDNAs (22 clones) followed by BLAST
analysis identiﬁed a major recombinant VDV-1–DWV in the heads of
these bees (Fig. 6). This recombinant virus bore nucleotide sequences
from the 5′ terminus of VDV-1, including those encoding for VDV-1
structural proteins and the helicase amino terminus, and the right 3′
terminal genomic region of DWV encoding the non-structural
proteins, with more than 96% identity to VDV-1–DWV-No-9 (gb|
HM067438.1), a VDV-1–DWV recombinant found in the UK (Fig. 6).
In summary, our analysis showed that both VDV-1 and recombi-
nant VDV-1–DWVwere present and replicated efﬁciently in the heads
of recently emerged symptomatic bees.
Discussion
Previous studies have indicated a correlation between qualitative
RT-PCR detection of the presence of DWV in the head of symptomatic
bees and deformed wing syndrome (Yue and Genersch, 2005). In
addition, a small proportion of healthy-looking bees showed DWV
infection in their heads (Yue et al., 2007).We foundDWV and/or VDV-1
sequences in the heads of both symptomatic and asymptomatic adult
bees (Fig. 1). Analysis of recently emerged bees with symptoms of
deformed wings showed efﬁcient replication of DWV and VDV-1
genomic sequences in their heads (Figs. 2, 4 and see further on): there
was a ca. 1000-fold difference between the amounts of positive and
negative viral strands (Fig. 5a and b), as previously reported for single-
stranded positive-sense RNA ﬂaviviruses (Komurian-Pradel et al.,
2004). In contrast, the presence of these viral sequences in the heads
of recently emerged asymptomatic bees was only detectable by
quantitative real-time RT-PCR, and not by classical RT-PCR, with low
efﬁciency of replication [differences between positive and negative
strands well below 100-fold (Fig. 5c and d)]. Investigating the
replication of single-stranded positive-sense RNA enteroviruses, Hellen
andWimmer (1995) suggested that a high ratio of positive- to negative-
senseRNAstrandsmight indicate anactive infection.Moreover, our data
were supported by immunoblot analysis that showed the presence of
themajor viral capsid proteinVP1only in the heads of recently emerged
symptomatic bees (Fig. 3). Further analysis indicated that the viral
sequences present in the heads of recently emerged symptomatic bees
were derived from the recombinant VDV-1–DWV and VDV-1 (Fig. 6).
A high copy number of DWV has been previously associated with
symptomatic bees with crippled wings (Boncristiani et al., 2009; Chen
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titers of symptomatic DWV-infected bees have been reported to be
about 106 times higher than those from asymptomatic bees (Highﬁeld
et al., 2009; Yang and Cox-Foster, 2005). However, extracting RNA
from the whole body of individual and pooled bees gave an
approximate value of 1.8×109 DWV copies in asymptomatic workers
(Highﬁeld et al., 2009). Our quantitative analysis of the presence of
VDV-1–DWV recombinants and VDV-1 in the heads of recently
emerged symptomatic and asymptomatic bees indicated a correlation
betweenwingmalformation of the emerging bees and the presence of
more than 107 genomic copies of either of these viruses (Fig. 4 and
Table 1). This coincides with recently published results in which
injection of 1×107 DWV genome equivalents into adult bees resulted
in overt infection (Möckel et al., 2011).Fig. 6. Genomic scheme of VDV-1 and VDV-1–DWV recombinant viruses. Boxes indicate hom
fromBLAST analysis: identities of the upper virus to VDV-1 (gb|AY251269.2) N98% and the low
N97% (see Supplemental information). The numbers below the boxes correspond to the nu
between boxes (undetermined sequences).The recombinant virus identiﬁed in the head of the recently emerged
symptomatic bees conserved the VDV-1 5′ terminus and nucleotides
encoding mainly the structural proteins of VDV-1 and the helicase
N-amino terminus, plus the 3′ terminal region encoding the non-
structural proteins of DWV. A recently published study described the
detection of two VDV-1–DWV recombinants from Varroa-infested pupae
in a UK colony using high-throughput Illumina sequencing (Moore et al.,
2011). In that study, in both recombinants, VDV-1VVD and VDV-1DVD, the
structural protein-coding region of DWV had been replaced by the
corresponding VDV-1 region (from about nucleotide 900 to 5900 in the
VDV-1 genome). In addition, VDV-1VVDhad the5′-terminal IRES (Internal
Ribosome Entry Site) of VDV-1. DWV and the above recombinants were
the main genomes present in the virus population tested (Moore et al.,
2011). The recombinant virus identiﬁed in the present study displayedology of the determined viral sequences to VDV-1 or DWVgenomic sequences as learned
er to VDV-1–DWV-No-9 [gb|HM067438.1, also designedVDV-1VVD (Moore et al., 2011)]
cleotides of the complete genomes of VDV-1 and VDV–DWV-No-9 (arrow-lines). Gaps
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recombination breakpoint in the helicase region located between
nucleotides 5122 and 5153 (Moore et al., 2011). The primers used in
our study allowed speciﬁc and quantitative PCR detection of the non-
structural regionofVDV-1betweennucleotides6111and6299, fromRNA
transcribed at nucleotides 4996 and 7212 in the forward and reverse
directions; they also allowed monitoring replication of the VDV-1–DWV
recombinant virus using DWV primers speciﬁc for the region between
nucleotides 6141 and 6326, from RNA transcribed at nucleotides 5032
and 7271 in the forward and reverse directions. In contrast to the
aforementioned study (Moore et al., 2011), we were unable to detect
intact DWV genomes in the heads of the analyzed symptomatic bees.
Interestingly, the VDV-1–DWV recombinant thatwe did detect displayed
a higher efﬁciency of replication thanVDV-1 (compareDWVseq. to VDV-
1 seq. in Fig. 4). These results support the suggestion that exchange of
sequences between DWV and VDV-1may facilitate transmission of DWV
between V. destructor and honey bees, and the absence of VDV-1 non-
structural protein-coding sequences might indicate that these drive less
efﬁcient replication of the virus in bee cells. Moreover, the simultaneous
presenceofbothgenomes, i.e. of recombinantVDV-1–DWVandVDV-1, in
many symptomatic bees may indicate a possible helper effect for the
transmission of DWV by VDV-1 prior to recombination.
Detection of DWV and/or VDV-1 replicating genomes in the heads
of older asymptomatic bees is indicative of an overt chronic infection.
DWV-mediated chronic infection in the heads of healthy-looking bees
has been associatedwith learning deﬁcits (Iqbal andMueller, 2007) or
cognitive impairment (Navajas et al., 2008). Freshly emerged
asymptomatic bees showed a less efﬁcient infection, which might be
due to the absence of VDV-1–DWVwith its higher replicating efﬁciency,
a recombination event which might have occurred after emergence;
alternatively, the bees may have been parasitized by Varroa mites
carrying less virulent strains of DWV and/or VDV-1.
RNA viruses, and particularly members of the Picornavirales
superfamily, replicate as quasi-species, in which a particular viral
genome that provides optimal ﬁtness to the host is more abundant and
co-replicates with less abundant genomic variants (Smith et al., 1997).
Taken together, results suggest the hypothesis thatVDV-1–DWV
recombinants result in more virulent strains that are able to cause
overt infections in Varroa-infested honey bee colonies. This preliminary
hypothesis is based on a limited number of observations, and thus needs
further validation.
Materials and methods
Honey bee collection
Adult and emerging honey bees were collected from three colonies
placed in different locations in the Zrifﬁn Experimental Apiary.
Collection from two of these colonies was performed during the fall
of 2008 and the third collection was performed in the fall of 2009.
Further validation of data was performed on bees emerging in the
summer of 2010.
RNA extraction
Extraction of RNA from individual and pooled bees' heads frozen at
−80 °C was performed with Bio-Tri (Bio-Lab Ltd., Israel), a guanidi-
nium hydrochloride-based reagent, using a sterile fresh scalpel for
decapitation of each sample to avoid contamination. Chloroform was
added to the extracted sample (200 μl/ml extraction buffer) and after
phase separation, the aqueous phase was precipitated with 250 μl of
isopropanol and 250 μl of high-salt solution (0.8 M sodium citrate and
1.2 M sodium chloride). The RNA pellet was washedwith 70% ethanol,
air-dried and resuspended in RNase-free water. The quality of the
obtained RNA was estimated by measuring the 260/280 and 260/230
absorbance ratios in a NanoDrop™ spectrophotometer. Selectedsamples were also puriﬁed using a column-based RNA-puriﬁcation
method (Accuprep Viral RNA extraction kit, Bioneer Corporation) to
verify data quality.
cDNA synthesis, and qualitative and quantitative PCR analyses
cDNA synthesis was performed with Masterscript™ Reverse
transcriptase (5 Prime) according to the manufacturer's instructions
utilizing a two-step RT-PCR protocol: 4 μg RNA was used as the RT
template and the reverse transcriptase was added following pre-
incubation of the RNA-primer mixture at 65 °C for 5 min. Reverse
transcription was performed at 60 °C for 45 min and the reaction was
terminated by inactivation at 85 °C for 5 min.
Initially, the samples were evaluated for the presence of DWV and
VDV-1 utilizing oligo-dT-driven RT and diagnostic PCR. The primers
used for PCR of VDV-1 were: VDVfor (1186) CCGTAGTTGGGAGATT-
GATG and VDV rev (1390) GCGGGTACATCTTTCAGCTA. A second pair
of primers was utilized to conﬁrm the presence of the VDV-1 genome:
VDV rev (6180) CTTCCAAGGGCTCATCCATA and VDV for (5520)
CATGGAAATGGGATCAAACC (numbers in parentheses denote the
localization of the primer in the corresponding viral genome). Nested
RT-PCRwasperformed for quantitative ampliﬁcation ofDWVandVDV-1
genomes. In this case, the primers utilized for speciﬁc reverse
transcription of DWV and VDV-1 were: DWV RT forward (5032)
GGCAAGTGCTTGGGTATCCA,DWVRT reverse (7271)GCGGCCACCACTT-
GAAAAGA, and VDV RT forward (4997) GCAGAGGAGGCCAGTGCT, VDV
RT reverse (7212) TTTAAATAGAAAGTCACGAATC, respectively. Qualita-
tive and quantitative PCR ampliﬁcation of DWV was performed with
DWVq PCR for (6141) TGGCTAACCGTCGTAAGGCG and DWVq PCR rev
(6326) TAACTGACGCACTAATTTCCG; and of VDV-1 with VDVq PCR for
(6111) TGGCTAATCGACGTAAAGCA and VDVq PCR rev (6299)
ACTAATCTCTGAGCCAACACGT.
Primers used to search for the DWV region encoding the structural
proteins:
DWV for (2621) TCTCCTCGTCATTTTGTCCCG
DWV for (4241) GGATGGTCCGCGGCTAAGA
DWV rev (2553) CAACAATCCCTCTGCCAAAT
DWV rev (4980) CGGCAGATATAACAGTACTTG.
5′ RACE (rapid ampliﬁcation of cDNA ends) was performed utilizing
the 5′-Full RACE Core Set kit (Takara) according to the manufacturer's
instructions with the primers VDVR rev(Pi-1336) Pi-CATAAGGAACT-
CATTATCA; VDVR rev (439) ATTACTAATAAAATACAATAACTAT; VDV
for (1143) CTTATGCTGCTGTTGCCC; VDVR rev (586) GGTTTCCGA-
CAAACCTCACT; VDVR for (659) TTATTGCGACTGAAATTTC; DWVR rev
(Pi-1364) Pi-CCGTTAGGA ACTCATTATCGC; DWVR rev (434) TYCTTA-
TAAATACATTCAACTTCG; DWV for (1170) CTT ACT CTG CCG TCG CCC;
DWVR for (672) GCGGTGCGACTGAAACTT and DWVR rev (600)
GGTTTCCGACAGATCTATCA.
The identity of the various amplicons obtained above as well as large
cDNAs cloned in plasmids was conﬁrmed by sequencing (Hylabs, Israel).
The housekeeping gene primers utilized for calibration were: RPL8 for
TGGATGTTCAACAGGGTTCATA and RPL8 rev CTGGTGGTGGACGTATTGA-
TAA (Evans, 2006). Quantitative PCR was performed utilizing the SYBR
Green-based Kapa SybrR Fast qPCR kit according the manufacturer's
instructions and a Rotor-Gene 6000 instrument (Corbett Research). The
cycling protocol was 95 °C for 10 min followed by 40 cycles of 95 °C for
10 s, 60 °C for 15 s, and 72 °C for 20 s. Standard curves were prepared by
performing real-time qPCR with serial 10-fold dilutions of known
concentrations of the DWV- and VDV-1-speciﬁc amplicons, about
200 bp each, cloned in a pJET plasmid (Fermentas), and of a plasmid
carrying the housekeeping gene amplicon. Experimentswere performed
in triplicate for each run. The results were analyzed using Rotor-Gene
6000 Series Software 1.7. Linear detection over a 7-log range, 101 to 107
genome equivalents for DWV and VDV-1, was obtained by plotting CT
112 N. Zioni et al. / Virology 417 (2011) 106–112values vs. the logarithm of the concentration of genome equivalent
copies; forDWV,R2=0.99896, slope=−3.349, efﬁciency=99%, and for
VDV-1, R2=0.99854, slope=−3.386, efﬁciency=97% (Beuve et al.,
2007; Kukielka and Sanchez-Vizcaino, 2009). The contribution of non-
speciﬁc primed ampliﬁcation (Boncristiani et al., 2009)wasmeasured by
performing the RT reaction in the absence of added primers followed by
speciﬁc-primed quantitative real-time PCR and was found to be
negligible under our working conditions.
PCR productswere analyzed by classical agarose gel electrophoresis.
Comparison of genomic copy equivalents obtained from symptomatic
and asymptomatic colonies was estimated by Student's t-test.
Genbank accession numbers for the sequences determined:
VDV-1, JF440525 and VDV-1-DWV, JF440526.
Immunoblot analysis
Proteins were extracted from the heads of analyzed bees from the
organic phase of the RNA-extracted samples, following the manufac-
turer's isolation protocol (Bio-Lab Ltd., Israel). Brieﬂy, the samples were
precipitated with isopropanol and the protein pellet was washed with
guanidinium chloride (0.3 M in 95% ethanol) and subsequently with
ethanol; ﬁnally, the proteins were dissolved in 1% (w/v) SDS. The
protein extract was subjected to SDS-polyacrylamide gel electrophore-
sis and immunoblot analysis usingpolyclonal anti-VP1 antiserumkindly
provided by Prof. Just M. Vlak and Dr. Monique van Oers, Wageningen
University. A protein extract of virions extracted from infected honey
bees puriﬁed in a cesium-chloride gradient served as a positive control.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virol.2011.05.009.
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